First-principles and model calculations show that the Dirac surface state of the topological insulator Bi 2 Te 3 survives upon moderate Mn doping of the surface layers but can lose its topological character as a function of magnetization direction. The dispersion depends considerably on the direction of the Mn magnetization: for perpendicular magnetization, a gap of 16 meV opens up at the Dirac point; for in-plane magnetization, a tiny gap can be opened or closed in dependence on the magnetization azimuth. The ground state is ferromagnetic, with a critical temperature of 12 K. The results provide a path towards a magnetic control of the topological character of the Dirac surface state and its consequences to spindependent transport properties.
First-principles and model calculations show that the Dirac surface state of the topological insulator Bi 2 Te 3 survives upon moderate Mn doping of the surface layers but can lose its topological character as a function of magnetization direction. The dispersion depends considerably on the direction of the Mn magnetization: for perpendicular magnetization, a gap of 16 meV opens up at the Dirac point; for in-plane magnetization, a tiny gap can be opened or closed in dependence on the magnetization azimuth. The ground state is ferromagnetic, with a critical temperature of 12 K. The results provide a path towards a magnetic control of the topological character of the Dirac surface state and its consequences to spindependent transport properties. Topological insulators are a new class of materials with promising properties for both fundamental physics and technological applications for upcoming spinelectronic devices [1, 2] . The topological character in three-dimensional topological insulators, such as Bi 2 Se 3 and Bi 2 Te 3 , manifests itself by a linearly dispersed surface state that bridges the bulk band gap. This Dirac surface state is topologically protected, meaning that it is robust against perturbations that maintain time-reversal symmetry (e.g., surface chemical disorder [3] ). This raised a question on the robustness of these states against doping by magnetic impurities [4] . If time-reversal symmetry is broken due to magnetic order, the topological character can be strongly modified [5] , as was demonstrated for surfacealloyed Bi 2Àx Mn x Se 3 [1] . The unique spin texture of the Dirac surface state can cause the quantum spin-Hall effect [6] [7] [8] , as it has been shown for HgTe quantum wells [9] or to a magnetic monopole [10] . For magnetically doped topological insulators, a quantized anomalous Hall effect has been predicted [11] .
In this Letter, we provide strong support by a theoretical first-principles investigation that the surface state of the topological insulator Bi 2 Te 3 doped with Mn in the topmost quintuple layer ''survives'' but with modified dispersion relation and spin texture. A striking feature is that the band structure close to the Dirac point in Bi 2Àx Mn x Te 3 depends on the magnetization direction: a band gap of 16 meV opens up for perpendicular magnetization, but for in-plane magnetization a tiny gap can be opened or closed in dependence on the magnetization's azimuth, a finding that complies fully with an extended Fu model [12] . This dependence of the Dirac state's topological character on the magnetization direction has consequences for spindependent transport, which now can be controlled by an external magnetic field. We also discuss magnetic properties (e.g., magnetic order, magnetic moments, and critical temperature).
Bi 2 Te 3 is assembled by quintuple layers (QLs) that comprise five hexagonal layers, i.e., two atomic Bi layers separated by atomic Te layers (Fig. 1) . If moderately doped with Mn [13] , Bi 2 Te 3 forms a substitutional surface alloy in which Bi atoms are randomly replaced by Mn atoms [4] .
First-principles calculations were performed within the local spin-density approximation to density functional theory, with Perdew-Wang exchange-correlation functional [14] . The electronic and magnetic properties were obtained by scalar-relativistic and relativistic Korringa-KohnRostoker methods [15, 16] .
To mimic experiments [4] , Mn-doped samples were treated as substitutional binary alloys in which the Bi atoms in the topmost QL are replaced by effective Bi 0:9 Mn 0:1 atoms. The disorder is treated within the coherent potential approximation [17, 18] .
Detailed information on the spin-resolved electronic structure is obtained from the site-and momentumresolved Green function G þ ii ðE;k k Þ of the system [i site index,k k ¼ ðk x ; k y Þ wave vector parallel to the layers]. The Bloch spectral density is given by
where the trace is over the site i.
For an analytical description of the Dirac state, we extend Fu's model Hamilton operator [12] by magnetism, E Q -T A R G E T ; t e m p : i n t r a l i n k -; d 2 ; 5 2 ; 3 4 4Ĥ Ĥ ph þĤ soc þĤ warp þĤ magn :
The free-electron dispersionĤ ph ¼ E 0 ðk k Þ breaks the particle-hole symmetry.Ĥ soc ¼ v k ðk x y À k y x Þ accounts for the Rashba-Bychkov spin-orbit coupling (v k Fermi velocity) and results in in-plane spin components that are perpendicular to the momentumk
introduces the hexagonal warping (k AE k x AE ik y ) and leads to out-of-plane spin components. H magn ¼ ÀJn SS Á couples the electron's spin to localized spinsS that are due to the Mn impurities, with density n S . J is the effective exchange constant, and ¼ ð x ; y ; z Þ is the vector of Pauli matrices [19] . We solve the Schrödinger equation for this Hamilton operator both analytically and numerically, taking v k , , and Jn S jSj as parameters adjusted to agree well with the ab initio results. The purpose of the model calculations is to provide a tool for understanding the dispersion of the Dirac state that is obtained from the first-principles calculations. The detailed coupling mechanism of the Dirac electron's spin with the localized Mn spinsS is beyond the scope of the present investigation [20] [21] [22] .
Ferromagnetism of moderately doped Bi 2Àx Mn x Te 3 (x ¼ 0:2) is supported by our first-principles calculations. The calculated local magnetic moments are 4:58 B (second layer) and 4:52 B (fourth layer). Mapping of the Korringa-Kohn-Rostoker results onto a classical Heisenberg model, using the magnetic force theorem for the substitutional alloy, delivers also the exchange constants J ij [23] (for details see the Supplemental Material [24] ). In contrast to Mn's tendency to antiferromagnetic order in many materials, we find a ferromagnetic ground state, with a Curie temperature of about 12 K (experiment: 9-12 K for x ¼ 0:18 [4] ). The collinear alignment of the localized Mn spinsS can thus be characterized by a magnetizationM. For the purpose of this Letter, only the direction ofM matters.
In the following, we discuss results for samples with M kx (in-plane, within the xz mirror plane of the (111) surface; Fig. 1 ) andM kz (normal to the surface; out-ofplane magnetic anisotropy was found experimentally by Hor et al. [4] ). We do not show first-principles data for M kỹ; these are very similar to those forM kx, although they show a tiny band gap at the Dirac point (discussed below) and, thus, reveal a topologically different character of the Dirac state. Strictly speaking, the surface state of Bi 2Àx Mn x Te 3 is no longer a Dirac state (characterized by linear dispersion and a Dirac cone without band gap); we nevertheless call it a Dirac state to avoid unnecessary and perhaps confusing nomenclature.
The Dirac surface state of Bi 2 Te 3 shows up as a single band of conical shape crossing the fundamental bulk band gap ( Fig. 2 and Refs. [25, 26] ). It disperses linearly alongk Fig. 2(b) ], which indicates warping [27] . The blurred regions mainly below the Fermi energy E F in Fig. 2 [4] . Constant-energy cuts through the dispersion relation Eðk k Þ are circular at energies close to the Dirac point. The surface state's spins is perpendicular to the surface-parallel component of the electron momentum @k k [28] . At greater energy distances from the Dirac point, these momentum distributions become hexagonally shaped (Fig. 3(b) ; cf. Fig. 13 in Ref. [4] ) and eventually turn into a ''snowflake'' [ Fig. 3(a) ].
For the Mn-doped sample with magnetization alongx [Figs. 3(c) and 3(d) ], the momentum distributions are blurred due to disorder. Further, hybridization with bulk states results in six raylike features [ Fig. 3(c) ] that correspond to the cusps in the Bi 2 Te 3 momentum distribution [ Fig. 3(a) ]. For the magnetization being alongz (out-ofplane), the contour for the largest energies is slightly smaller [ Fig. 3(f) ], indicating a different dispersion relation than that forM kx. A closer look reveals that the contours are asymmetric, which is most clearly seen at the smaller energy [ Figs. 3(d) and 3(f) ].
To clarify the magnetic origin of these asymmetries, we added a magnetic term to Fu's analytical model [12] ,Ĥ magn in Eq. (2) . In all cases, the first-principles contours are nicely reproduced [insets in Figs. 3(b), 3(d), and 3(f) ]. For M kx [ Fig. 3(d) ], the yz mirror symmetry is maintained whereas the xz mirror symmetry is broken; this is typical for Rashba-Bychkov systems with in-plane magnetization [29] . ForM kz [ Fig. 3(f) ], the xz symmetry is maintained but the yz symmetry is broken, yielding a threefold rotational symmetry. A discussion of Dirac-state dispersion and magnetization direction by means of the extended Fu model is provided in the Supplemental Material [24] .
The topological character of the Dirac state is closely related to an exchange-mediated band gap at the Dirac point of Bi 2Àx Mn x Te 3 [Figs. 4(b) and 4(c)]. We calculated the spectral density on a very fine energy mesh at the Brillouin zone center (k k ¼ 0) and find two peaks with opposite spin character S z N i" À N i# forM kz [ Fig. 4(b) ], a clear (a) (a) (a)  (a) (a) (a)  (a) (a)  (a) (a) (a)  (a) (a) (a)  (a) (a) (a) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) (e) indication of a band gap of about 16 meV (although shown only for the Te top site, the gap opens up in the entire QL; the spectral density of the Te site in that energy range is greater by a factor of about 9 than that of the other sites). This finding is fully in line with the model calculation, as indicated by the arrows in Fig. 4(a) : the negatively polarized (red) peak is associated with the maximum of the lower (red) band while the positively polarized (blue) peak is attributed to the band minimum of the upper (blue) band. In the model calculations, the Dirac state is mainly spinpolarized in-plane far from the band gap but the perpendicular component S z dominates atk ¼ 0 [cf. the increased line width at k y ¼ 0 in Fig. 4(a) ]. ForM kx, the energy scan at k y ¼ 0 crosses the spinpolarized bands, giving rise to two maxima in the spectral density [ Fig. 4(e) ]. The two peaks coincide almost completely but are oppositely spin-polarized alongx. In the respective model calculation [ Fig. 4(d) ], there is no band gap but the Dirac point is shifted off the Brillouin zone center. This displacement appears as asymmetric spectraldensity contours in Figs. 2(d) and 3(d) .
In the first-principles calculation for magnetization alongỹ (not shown), we find a result very similar to that forM kx. In particular, there is no apparent band gap. More precisely, the gap width is less than 1 meV, that is, the energy-step width in the calculations. This finding is supported by our model in which a band gap of about 0.25 meV shows up forM kỹ, in contrast to the band gap of 16 meV forM kz [Figs. 4(a) and 4(b) ]. This agreement corroborates that Fu's model fully captures essential properties of the Dirac state although it deals with an idealized system. In the model, for example, the Dirac electron is strictly confined to the xy plane and its degree of spin polarization is 100%. In the firstprinciples calculations, however, the Dirac state of Bi 2 Te 3 shows a complicated spin and orbital composition within the entire outermost QL, with the consequence that its degree of spin polarization is reduced to less than 45% (the latter finding is fully in line with earlier theoretical results [30] ).
Since the magnetic term in the model Hamiltonian is equivalent to a Zeeman term that couples the Dirac state's spin to an external magnetic field, one could speculate that the findings reported here could show up in a magnetically undoped topological insulator but in an external magnetic field. The effect of an external magnetic field on the Dirac state of a topological insulator has been addressed mainly with respect to transport properties, in particular to a quantized Hall effect (see for example Refs. [31] [32] [33] [34] [35] ). Kharitonov recently showed by a model calculation [36] that the size of the band gap in the Dirac state is about 10 times larger for perpendicular direction of the external magnetic field (about 2.5 meV at 1 T) than that for an in-plane direction. These findings agree qualitatively with ours on Mn-doped Bi 2 Te 3 .
In summary, we demonstrated by first-principles calculations that Mn doping of the Bi 2 Te 3 surface layers causes ferromagnetic order. As a consequence, the Dirac surface state is gapped by 16 meV for perpendicular magnetic anisotropy. For in-plane magnetic anisotropy, the Dirac point is shifted perpendicular to the magnetization direction; if the magnetization lies within a mirror plane of the surface, a tiny band gap opens up (about 0.25 meV), in contrast to the case when the magnetization is perpendicular to the mirror plane in which a gap does not open up. These findings on the band-gap behavior of Mn-doped Bi 2 Te 3 establish a tool for magnetic control of the spindependent transport at the surface of a topological insulator. By switching the magnetization direction from in-plane to out-of-plane by an external magnetic field, the band gap at the Dirac point can be opened and vice versa. Consequently, the quantum spin Hall effect [9, 37] can be switched off and on.
